We demonstrate an all-optical XOR logic gate for 40-Gbaud quadrature phaseshift keying (QPSK) tributaries in a silicon nanowire for the first time. The XOR logic operation is realized based on four-wave mixing (FWM) in the C-band. Experimental results show negligible power penalty at a bit error ratio (BER) of 10 À6 compared with the back-toback signals. The BER floor appears at BER of 10 À6 for both I and Q tributaries of the logic operation, and the main reasons are the optical signal-to-noise ratio (OSNR) deterioration caused by nonlinear loss due to free carrier absorption (FCA) and two-photon absorption (TPA) and the cross-phase modulation (XPM)-induced phase impairments.
Introduction
All-optical logic gates could be key elements of future optical networks utilizing all-optical signal processing to overcome the so-called electronic bandwidth bottlenecks [1] . Various schemes have been proposed and investigated based on nonlinear effects in semiconductor optical amplifiers (SOA) [2] , [3] , highly nonlinear silica fibers (HNLF) [4] , [5] and periodically poled lithium niobate (PPLN) [6] . However, most of the reported all-optical logic gates are focused on on-off keying (OOK) modulation format and binary phase-shift keying (BPSK) signals. QPSK is one of the most important modulation choices for the next generation 100 G and beyond optical networks [7] due to its high spectral efficiency and relatively low system complexity [8] . Therefore, it could be relevant to develop all-optical logic gates for QPSK signals for future optical network applications.
Although works on all-optical logic gates for QPSK signals have been reported using SOA [9] , [10] , HNLF [11] and PPLN [12] , these all-optical logic gates suffer from various drawbacks. The SOA carrier recovery time is usually longer than 20 ps, which introduces strong patterning effect and ultimately limits its performance in high-speed operation [9] , [10] . In [11] , the length of the HNLF is 460 m, which makes it difficult to be integrated. For the PPLN used in [12] , it needs precise temperature control which causes inconvenience for practical applications. Silicon based optical signal processing has attracted considerable research interest in recent years, due to its complementary metal-oxide-semiconductor (CMOS) compatibility, low cost, ultra-compactness, potential integration with electronics, broad working bandwidth and high-speed operation [13] - [20] . Furthermore, nano-engineering in silicon photonics provides flexibility for the optimization of waveguide dispersion and phase matching, decreasing the requirement of input power for nonlinear effect and then reducing the detrimental TPA and FCA.
In this paper, an all-optical XOR logic gate based on degenerate FWM in a silicon nanowire is experimentally demonstrated for operation with 40 Gbaud QPSK signals, where the length of the nanowire is only 6.2 mm. In comparison to our previous approach based on FWM in SOA [9] , [10] , the nanowire based XOR logic gate can potentially be much faster, without the limitation of carrier recovery time. BER measurements indicated that there was negligible power penalty caused by the XOR logical gate at the BER level of 10 À6 . BER floor was observed at the level of 10 À6 for both I and Q tributaries of the logic gate, which was mainly attributed to the OSNR deterioration caused by nonlinear loss since FCA and TPA [21] and the XPM induced phase impairments [22] .
Principle
The operation principle of the XOR logic gate for QPSK tributaries based on the FWM effect was report in our previous work in [9] . The electrical fields of idler 1 and idler 2 generated during the degenerate FWM process can be expressed by
where k 112 and k 221 are conversion efficiencies for idler1 and idler2, respectively. E i , ! i , and i ði 2 ½1; 2Þ represent the electrical field amplitude, the angular frequency and the phase of the two input signals. The phase of the generated idlers and the corresponding data bits of the in-phase (I) and quadrature (Q) tributaries can be calculated using Eqs. (1) and (2), and all the possible phase values of the E 112 (idler1) and E 221 (idler2) are presented in [9] . According to the operation principle of XOR in [9] , the two orthogonal (in-phase and quadrature) tributaries of idler1 are represented as I 112 and Q 112 as
where BÈ[ stands for XOR logic operation. Similarly, for the idler2
If one tributary of the QPSK signals carries only marks (B1[) or spaces (B0[), the logic relationship can be further simplified [10] .
Experimental Setup
The experimental setup is shown in Fig. 1 . The light beams from a distributed-feedback (DFB) laser at the wavelengths of 1550 nm (QPSK1) and from a tunable laser at 1560 nm (QPSK2) are combined and pass through two cascaded phase modulators (PMs). After amplification in an erbium-doped fiber amplifier (EDFA1), the light beams are modulated in a dual-parallel MachZehnder modulator (DPMZM), which is driven by two 40-Gbps de-correlated and non-return-to-zero (NRZ) pseudo-random binary sequence (PRBS) with a pattern length of 2 7 À 1, to generate NRZ-QPSK signals. Then, the NRZ-QPSK optical signals are carved into RZ-QPSK pulses through an Electro-absorption modulator (EAM) with a pulsewidth of approximately 5 ps. After amplification in EDFA2, the two RZ-QPSK signals with different wavelength are separated with a dual-output optical filter (Finisar Waveshaper 4000 s). With the large amount of chirp added by the two PMs, and proper lengths of dispersion compensating fibers (DCF1 $30 m, and DCF2 $28 m), the optical pulses are further compressed to $2 ps [23] . The RZ-QPSK1 signal at 1550 nm is de-correlated with respect to RZ-QPSK2 via an optical delay line before they are recombined. With the help of a 15 nm bandwidth optical filter, most of the wideband amplified spontaneous emission noise (ASE) is eliminated. The combined signals with total power of about 20 dBm are injected into the silicon nanowire where the FWM takes place. The two polarization controllers (PC3 and PC4) are used to optimize the FWM efficiency. A tunable optical filter with 5 nm bandwidth is used to extract one of the idler signals, which corresponds to the XOR results in Equation (3). After amplification and further filtering with a narrower bandwidth filter, the idler signal is received by an optical delay interferometer (DI) and a balanced photo-detector. A bit-error-rate tester (BERT) is used to measure the BER of XOR signal. Fig. 2(a) and (b) show the structure and the scanning electron microscope (SEM) image of the device which is a 6.2 mm-long silicon-on-insulator nanowire with cross-section of 400 nm Â 340 nm (width Â height), fabricated by deep-UV lithography and reactive ion etching. The silicon nanowire is covered with 2 m SiO 2 . An inverse taper from 400 to 200 nm in width with the length of 199 m is created at each end of the waveguide to extend the guiding mode and reduce the insertion loss. The propagation loss is $2.5 dB/cm for TE mode and $3 dB/cm for TM mode across the C-band as reported in [24] , while the insertion loss for one taper is about 3.5 dB for TE mode and 5.5 dB for TM mode, and the reason why the loss for TM mode is higher than TE mode for the nano-taper coupler has been reported in [25] . In Fig. 3(a) , the total insertion loss of the device is measured with a continue wave (CW) light at 1550 nm. The threshold value of the nonlinear loss is $15 dBm for both the TE and TM mode, and after that the total insertion loss will increase sharply with the input power increasing. It should be noted that the FWM conversion efficiency is higher when the two input light signals are aligned to the TM mode and it is about À24 dB as shown in Fig. 3(b) . In contrast, when they are adjusted to the TE mode, the FWM efficiency is only À38 dB. The reason is that the total dispersion (waveguide plus material) of the TM mode is smaller than the TE mode for the device at these wavelengths [13] . The calculating result of dispersion character for the device with different dimension by Lumerical Mode Solution (trial version) [26] is shown in Fig. 3(c) . While the height of device maintained, the dispersion parameter is decreased for TE mode and increased for TM mode as the width increasing from 400 nm to 500 nm, with the same variation trend in [13] . Fig. 4 shows the spectra of the optical signals before and after the silicon nanowire, as well as the filtered idler1 generated by FWM at the shorter wavelength side. Due to the limitation of filter tuning range and the amplification bandwidth of EDFA, the idler2 at the longer wavelength side was not selected and utilized. The conversion efficiencies of both idlers are approximately same at the level of $ À24 dB. The generated higher order FWM components were also observed.
Results and Discussions
The corresponding eye-diagrams of the optical signals measured by a 500-GHz optical sampling oscilloscope (EXFO, PSO-102) are shown in Fig. 5 . Fig. 5(a) and (b) show the input signals of QPSK1, QPSK2, respectively. Fig. 5(c) and (d) show the demodulated I and Q tributaries of idler1, respectively. The eye diagram of the demodulated 40 Gbaud XOR signal is clearly open, but with some performance degradation compared to the original signals. The reason is attributed to the FCA and TPA in the silicon nanowire at the high input optical power, which causes high nonlinear loss [21] and deteriorated the optical signal-to-noise ratio (OSNR) of the idlers due to a number of EDFAs used in the system for amplification. Another limitation is the XPM effect in the nanowire which could introduce nonlinear phase noise and distort the phase encoded signal [22] . Table 1 shows the data sequences, including both the setted I and Q tributaries of the input QPSK1 and QPSK2, and the calculated logic112 and the measured demodulated logic112. Fig. 6(a) and (b) shows the measured I and Q data patterns of demodulated logic112 with a 50-GHz electrical sampling oscilloscope (Agilent 83484A), which verifies the correct logic relationships indicated in Equation (3) . In fact, if the idler2 could be selected by the filter, Eq. (4) would also be verified. Comparing between the calculated logical states and the received data patterns, the operation principle of the proposed all-optical XOR gate based on silicon nanowire is validated. Fig. 7 shows the measured BER results of the back to back QPSK1 and QPSK2, and the logic gate tributaries. Here, back to back means the original wavelength signals at the output of the nanowire with TE polarization but without pulse overlapping in time domain and thus no FWM. There is no obvious power penalty between the back to back signals and those went through logical gates at the BER levels of above 10 À6 . But BER floors appear below 10 À6 for both I and Q Fig. 7 . Nevertheless, it should be pointed out that with the proper FEC error-free BER performance could be achievable.
Conclusion
We have demonstrated an all-optical XOR logic operation for QPSK PRBS data streams at 40 Gbaud in the C-band based on FWM in a silicon nanowire. BER measurements indicated that the logic gate introduced negligible power penalty at BER levels of above 10 À6 . BER floors appeared below 10 À6 for both I and Q tributaries for the signal went through the logic gate, which was attributed to the FCA and TPA caused nonlinear loss induced OSNR deterioration, and the XPM induced phase impairments. However, the dispersion characteristic of the nanowire can be further optimized for the TE mode to decrease the requirement of operation power by significantly reducing the insertion loss, then minimize the impacts of XPM and relieve the FCA and TPA induced OSNR deterioration.
